Catharanthus roseus (L) G. Don (Madagascar periwinkle) belongs to the Apocynaceace family and is widely spread throughout tropical and subtropical regions of the world. The plant produces several important alkaloids, such as ajmalicine and serpentine, which are used in the treatment of circulatory diseases. The potential of inoculation with arbuscular mycorrhizal fungi (AMF) and nitrogen fertilization to enhance the production of alkaloids was investigated in periwinkle. A greenhouse experiment was carried out to evaluate the effects of arbuscular mycorrhizal fungi and N fertilizer dosages on plant growth, production of ajmalicine, and nutrient content in roots. The concentration of ajmalicine was determined by reverse-phase high-performance liquid chromatography with UV detection. The experiment was designed in randomized blocks in a 4 × 4 factorial scheme with four microbiological treatments (control -without mycorrhiza; Claroideoglomus etunicatum; Rhizophagus intraradices; mixed inoculumRhizophagus clarus + Gigaspora margarita), and four N fertilizer dosages (15, 30, 60, and 120 mg kg -1 ) with four replications. Catharanthus roseus growth was higher when plants were inoculated with mixed inoculum (R. intraradices + G. margarita) and C. etunicatum. The mixed inoculum (R. intraradices + G. margarita) and C. etunicatum, combined with N fertilization, enhanced ajmalicine yield. Catharanthus roseus inoculated with mycorrhiza showed increased P absorption and reduced N content.
INTRODUCTION
Besides being used in folk medicine for therapeutic purposes, plants are important sources of various pharmaceutical drugs. Although many of these compounds can be synthesized in the laboratory, the synthesis is complex, resulting in low yields and an unfeasible economic production. Among the various plant species, Catharanthus roseus G. L Don (periwinkle) contains more than 130 different terpenoid indole alkaloids (cyclic and nitrogen-containing compounds), several of which have important pharmaceutical uses, such as ajmalicine, found in roots and used as an antihypertensive (Almagro et al., 2015) . Plants often produce alkaloids to defend themselves against adverse environmental conditions and external biological stimuli (Zeng et al., 2013) .
The production of secondary plant metabolites is strongly dependent on the growing conditions, such as mineral nutrition and microorganism association (Ramakrishna and Ravishankar, 2011; Andrade et al., 2013) . The inoculation of plants with arbuscular mycorrhizal fungi (AMF) can alter the production of secondary metabolites (Pedone-Bonfim et al., 2015) . Some authors report that mycorrhizae plays a positive role in the accumulation of alkaloids in medicinal plants (Yu et al., 2010; De la Rosa-Mera et al., 2011) .
Arbuscular mycorrhizal fungi are obligate biotrophs relying on C provided by their host plant rather than on dead organic matter (Smith and Smith, 2011) . They play a central role in plant nutrition and growth in many agricultural systems. The AMF hyphal network is important in providing plants access to ions located far from the root surface. Studies using 15 N tracer techniques have shown that AM hyphae can transport N from soil to roots (Tanaka and Yano, 2005; Jackson et al., 2008) . Similarly, Smith and Smith (2011) suggested that AMF play a small role in plant N nutrition. However, AMF were responsible for increasing rice grain yield by 28.2 % and protein content by 7.4 % and reducing the C/N ratio, as AMF inoculation significantly increased N accumulation in rice plants (Zhang et al., 2017) .
Studies have been conducted on the effect of N doses in periwinkle genotypes; for example, Sreevalli et al. (2004) concluded that N fertilization led to a significant increase in alkaloid contents in both the leaves and roots of all studied genotypes. At the highest N rate evaluated (150 kg ha -1 ), the alkaloid increments were 42 and 32 % in leaves and roots, respectively. Despite our knowledge of the beneficial effects of mycorrhizal fungi and N fertilization on increasing alkaloid contents in periwinkle plants, their combined effects regarding ajmalicine bioproduction remain unknown. This study aimed to evaluate the effects of different AMF species on the growth, mineral composition, and ajmalicine content in Catharanthus roseus subjected to different N fertilizer dosages.
MATERIALS AND METHODS

Growth conditions and experimental design
The experiment was performed in a greenhouse at Universidade Estadual do Norte Fluminense Darcy Ribeiro (UENF), from April to June, in Campos dos Goytacazes, RJ, Brazil. Maximum daily temperatures ranged from 24 to 37 °C, with a mean of 33.5 °C, with minimum daily temperatures from 13 to 22 °C and a mean of 16.8 °C. The experimental design was a randomized block design in a 4 × 4 factorial scheme, with four microbiological treatments: control (without fungi), mixed inoculum and 120 mg kg -1 soil, with four replications. The experimental unit consisted of one pot containing 4 kg of substrate and four plants.
The soil used for the inoculum preparation of AMF, and as substrate, was classified as Latossolo Amarelo Distrófico coeso (Santos et al., 2013) , which corresponds to an Oxisol (Soil Survey Staff, 2014); it was collected at a layer of 0.00-0.20 m, sieved, mixed with sand 1:1 (v/v), and sterilized twice in an autoclave at 121 °C for 1 h to eliminate indigenous AMF. After sterilization, the substrate exhibited the following chemical properties: pH(H 2 O) (ratio of 1:2.5 v/v) = 6.5; MO (Walkley and Black, 1934) In all treatments, 85 mg kg -1 K were added to the substrate in the form of K 2 SO 4 , along with 10 mg kg -1 P in the form of NaH 2 PO 4 .H 2 O; in the N treatments 15, 30, 60, and 120 mg kg -1 N were applied to the soil in the form of NH 4 NO 3 . After the fertilizers were applied and homogenized, the containers were irrigated to field capacity.
The species tested were obtained from the collection of the Soil Microbiology Sector at UENF, Brazil. For each inoculum multiplication, 15 seeds of Urochloa brizantha (Hochst. Ex A. Rich.) R. Webster were disinfected with 0.5 % sodium hypochlorite solution for 10 min, rinsed with deionized water, and sown in pots containing a mixture of soil, spores, hyphae, and colonized roots. After planting, the pots were kept in the greenhouse during a period of 120 days for fungal multiplication. A soil mixture containing colonized roots and spores of AMFs was used as inoculum and stored in a cold chamber at 4 °C until the beginning of the experiment. Catharanthus roseus seeds were sown in pots; after germination, five plants per pot were selected. Before sowing, 50 g of AMFs inoculum were added to each pot. The plants were irrigated daily using deionized water.
Biomass measurements and mycorrhizal colonization analysis
Plants were harvested after 90 days of growth under the treatments to evaluate the number of leaves, plant height, shoot, and root dry mass, mycorrhizal colonization in roots, and the N, P, K, and ajmalicine contents in roots, as well as the total yield (total content).
Plant height was determined with the aid of a ruler. Shoots and roots were dried in a forced convection oven at a temperature of 45 °C for 72 h; subsequently, leaf and root dry mass yield was determined.
Fine roots were harvested, washed with tap water, cut into 2-cm fragments, and stored in a 50 % ethanol solution before evaluation of root colonization. To determine mycorrhizal colonization, roots were stained according to the method described by Grace and Stribley (1991) , with modifications (KOH 5 % at 80 °C). Ten root segments were randomly selected and spread onto a Petri dish; all AM fungal structures (hyphae, arbuscules, and vesicles) found in the roots were counted under a microscope. Colonization was estimated in terms of percentage.
Nutrient content
Shoots and roots were ground in a Wiley mill grinder and stored in tightly sealed Falcon conical centrifuge tubes. The N, P, and K root contents were determined after oxidation of plant material by sulfuric acid digestion, obtaining an extract from which N was determined by the Nessler method (Jackson, 1965) , P was determined by the molybdate colorimetric method, and K by flame emission spectrophotometry (Malavolta et al., 1997) .
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Ajmalicine concentration
Ajmalicine extraction from roots was performed using 10 mg of roots and 1 mL of H 3 PO 4 0.25 mol L -1 . The material was homogenized prior to centrifugation at 1,400 g for 30 min. Subsequently, the resulting material was sonicated for 30 min, according to Hallard (2000) . Ajmalicine determination was performed using a Shimadzu ® HPLC equipment with a C18 Low TFA column and a PDA detector. The HPCL was performed under a 0.5 mL min -1 flow rate; the mobile phase consisted of solvent A (water, acetonitrile, and trifluoracetic acid, 79:21:0.01) and solvent B (water, acetonitrile, and trifluoracetic acid, 5:95:0.01).
The external standard method was used for the quantitative analysis of ajmalicine, with ajmalicine as reference. The standard curve points were 0.2, 0.4, 0.6, 0.8, and 1 mg mL -1 of ajmalicine. Solutions were prepared in H 3 PO 4 , injected in the same conditions as the samples, and analyzed at a wavelength of 254 nm.
Area data obtained in the chromatograms, for each standard concentration, were used, and equations were organized following the model y = a + bx, where y = concentration and x = area. Thus, the concentrations in mg mL -1 of ajmalicine were obtained.
Statistical analysis
The data were subjected to analysis of variance (F test) and to polynomial regression test, both at 5 % probability.
RESULTS
Interactions between fungal species and N dosages were observed for plant height and number of leaves. For all tested N fertilizer dosages, inoculation with C. etunicatum resulted in higher plants with more leaves. The best estimated N fertilization dosage for plant height was 61.25 mg kg -1 N, while for the number of leaves, the value was of 64.99 mg kg -1 N (Figures 1a and 1b) . Increments obtained with C. etunicatum varied from 56 % for the lowest N dosage (15 mg kg -1 ) to 200 % for the highest N dosage (120 mg kg -1 ), as compared with the treatment without fungi (Figure 1a) . For leaf number, the increments varied from 57 % for the lowest dosages to 119 % for the highest N dosages, as compared with the treatment without fungi (Figure 1b ).
For all tested N dosages, inoculation with either the mixed inoculum or C. etunicatum increased periwinkle dry shoot and root mass weights (Figures 2a and 2b ). In the case of dry shoot mass weight, the highest N dosage caused increments of 931 and 441 %, when combined with the mixed inoculum and C. etunicatum, respectively, when compared with the treatment without fungi (Figure 2a ). For dry root mass weight, increments of 296 and 353 % were obtained, respectively, for inoculation with the mixed inoculum and C. etunicatum, at the lowest N dosages, and 745 and 197 % at the highest N dosages (Figure 2b) .
A significant interaction between the effects of AMF species and N fertilization was observed for ajmalicine root content and total content (Figures 3a and 3b) . The lowest ajmalicine content (0.37 mg) was observed in plants inoculated with C. etunicatum and fertilized with 15 mg kg -1 of N, whereas the highest content (2.07 mg) was observed in non-inoculated plants fertilized with 120 mg kg -1 of N (Figure 3b ). The highest total ajmalicine yield (total content) was observed in plants subject to the mixed inoculum fertilized with 69.63 mg kg -1 of N or plants inoculated with C. etunicatum fertilized with 63.57 mg kg -1 of N, with increases of 655 and 624 %, respectively, as compared to non-inoculated plants (Figure 3b) . A significant interaction between the effects of fungal species and N fertilization was observed in root colonization, which ranged from 55.74 to 82.42 % in plants inoculated with R. intraradices and the mixed inoculum, respectively; the highest and lowest percentages were observed at 15 mg kg Inoculating plants with the mixed inoculum and C. etunicatum reduced root N content by 44 and 37 %, respectively, at 15 mg kg -1 of N, whereas this parameter varied from 51 to 44 % at 120 mg kg -1 of N, compared to the non-inoculated control treatment (Figure 4b ). Phosphorus ( Figure 5a ) and K contents in roots ( Figure 5b) were positively affected by inoculation with AMF and N fertilization. At all N dosages, the inoculation treatments resulted in higher P contents. In the case of K, the increases in root contents were of 67, 105, and 79 % for plants inoculated with the mixed inoculum, C. etunicatum, and R. intraradices, respectively, at the highest evaluated N dosage (Figure 5b ).
DISCUSSION
Data from the present study indicate the efficiency of the mixed inoculum (R. clarus + G. margartia) and C. etunicatum in enhancing plant growth at all N fertilization dosages. The increase in the production of dry mass can be attributed to a well-developed root system in plants inoculated with AMF, which in turn aided in improving both water and nutrient uptake (Augé et al., 2016; Zhang et al., 2017) . Similarly, the inoculation of basil with G. fasciculatum resulted in significant increases in stem diameter, number of leaves, leaf area, and plant height (Rasouli-Sadaghiani et al., 2010) , corroborating the periwinkle data described above. Nitrogen is the nutrient responsible for vegetative growth (Marschner, 2012) . However, in the present study, plants from the control treatment without AMF presented higher N contents regardless of N dosages, displaying, in turn, reduced growth. The increase in plant height, number of leaves, and dry mass weight of shoots and roots in plants from AMF treatments may be due to the increase in P and K contents, which was higher than those observed in plants from the inoculation control treatment, at all evaluated N dosages. Similar results have been obtained in sweet passionfruit by Riter Netto et al. (2014) .
Mycorrhizae significantly contribute to plant nutrient uptake, particularly P (Smith and Smith, 2011) , corroborating the data observed in this study, i.e., the highest P and K contents were found in plants inoculated with AMF.
Ajmalicine production in periwinkle roots was affected by the presence of mycorrhizal fungi as well as by N fertilization. Ajmalicine contents observed in the present study are comparable to those from other studies Karthikeyan et al., 2008) . Besides nutritional effects, mycorrhized plants exhibit metabolic changes, such as increased contents of primary and secondary metabolites (Tejavathi et al., 2011) .
Mycorrhizal colonization may induce quantitative and/or qualitative changes in terpenoid contents (Kapoor et al., 2002; Freitas et al., 2004; Copetta et al., 2006; Kapoor et al., 2007; Jurkiewicz et al., 2010) and other secondary metabolites.
Alkaloid trigonelline may be an important regulator during signaling and stabilization events of arbuscular mycorrhizal fungi in symbiosis with leguminous plants (Rojas- Andrade et al., 2003) , thus promoting morphological and physiological alterations in the mycelium (Zhi-lin et al., 2007) . Strack and Fester (2006) demonstrated that roots of mycorrhized grasses may accumulate mycorradicine, a carotenoid formed by the methylerythritol phosphate pathway. Biosynthesis of alkaloids produced by Catharanthus roseus include the formation of secologanin (El-Sayed and Verpoorte, 2007) , from the monoterpenoid geranyl pyrophosphate, indicating that mycorrhized plants may accumulate alkaloids such as ajmalicine.
One of the effects of mycorrhizal fungi on plant metabolism is the modification of the amino acid content (Moreira and Siqueira, 2006) . In this regard, Takahashi (2001) reported that certain amino acids, such as serine, increased in plant shoots when tobacco plants were fertilized with 150 mg kg -1 urea and inoculated with R. clarus, while plants from the same treatment also presented the highest percentages of mycorrhizal colonization. Interestingly, serine is one of the substrates for tryptophan formation. In the biosynthesis of ajmalicine, one of the precursors is tryptamine, a monoaminic alkaloid chemically related to the amino acid tryptophan.
Studying Glomus fasciculatum, Glomus mosseae, and Rhizophagus intraradices, Ratti et al. (2010) found that the Glomus species provided increases in alkaloid contents in vinca plants, with the exception of R. intraradices. This is in accordance with the results observed herein, where this same species was not efficient in increasing alkaloid values.
Root N content led to the highest content of ajmalicine (2.07 mg) observed in plants from non-inoculated treatments fertilized with 120 mg kg -1 N. Evaluating alkaloid contents in leaves and roots of periwinkle genotypes grown under increasing N dosages, Sreevalli et al. (2004) concluded that N fertilization promoted significant increases in both leaf and root alkaloid contents in all studied genotypes. In this study, under the highest tested N dosage (150 kg ha -1 ), the increases in alkaloid contents were 42 and 32 % in leaves and roots, respectively. Freitas et al. (2016) reported that N deficiency reduced the ajmalicine content by 62 %. Lower P and K contents in dry root matter were observed in the same treatment. Phosphorus is an important component of different compounds of plant cells, including nucleotides used during energetic metabolism in plants (i.e. ATP) as well as in DNA and RNA; consequently, its content directly affects alkaloid production (Taiz and Zeiger, 2010). Accordingly, Mazzafera (1999) observed that, under P and K absence, caffeine content in coffee (Coffea arabica L.) plant leaves was lower compared to the contents in plants grown in a complete nutrient solution.
In our study, the mixed inoculum promoted increments in P content in plants fertilized with all N dosages compared to the non-inoculated controls. Jansa et al. (2008) observed that garlic plants colonized with a mix of inoculum (Glomus claroideum + Rhizophagus intraradices) presented a higher P content than plants inoculated with the same AMF species separately. Nevertheless, Janoušková et al. (2009) reported that inoculation with a mix of G. claroideum + G intraradices did not result in such increments compared to the separate species inoculum.
CONCLUSIONS
Catharanthus roseus growth is higher when plants are inoculated with mixed inoculum (R. intraradices + G. margarita) and C. etunicatum. The mixed inoculum (R. intraradices + G. margarita) and C. etunicatum, combined with N fertilization, enhanced ajmalicine yield. Catharanthus roseus, when inoculated with mycorrhiza, shows increased P absorption and reduced N content. 
